so that the rf power requirements are determined almost entirely by rf losses in the accelerating cavities.
Since the shunt impedance of normally-conducting low-velocity acceIerating structures is generally low, the use of superconducting r f s t r u c m can greatly reduce rfpower requirements, particularly when continuous (cw) operation is required. For booster linacs, cw operation is needed both to &ciently utilize the dc beam from tandem electrostatic machines and also to avoid transients which degrade beam quality-For these reasons, and other reasons discussed below, heavy-ion booster linacs were, at the outset of development, seen as a highIy favorable area for the agplication of superconducting rf technology.
. Early work: technical basics
The use of superconducting cavities in a particle accelerator was proposed soon after a basic understanding of the rf properties of superconductors was achieved [3, 4] . In 1960, Banford and Stafford proposed the use of superconducting lead rf cavities to form a proton linac [a. This eady paper pointed out that the ratio of the measured superconducting surface resistance of lead at 4.2 K to copper at mom temperature was sufficiently high, that even including a factor of loo0 tq allow for the efficiency of the then-available refrigeration systems, the total power required for a proton linac could be greatly reduced by the use of superconducting acceierating s t r u m .
A modest early experiment aimed at accelerator applications was the fabrication and testing of a niobium 270 MHz quarler-wave coaxial-line resonant Cavity at CERN in 1962 [a. This cavity performed poorly, exhibiting high I-€ losses, and the effort was not pursued, It provided, however, the first indication of the difficulties that would be encountered in producing the defect-free superconducting slrrfaces required for good cavity perfclrmance.
The frrst demonstration of useful performance was made at Stanford in 1965 in tests of superconducting lead cylindrical x-band cavities, initially in singlecell and subsequently in muIti-cell configuration T;rJ. This work was the expeximental foundation for the superconducting accelerator project at Stanford's high-energy physics laborato~~ (HEPL). This project, an electron linac based on multicell 13
GHz niobium cavities, was the first application of rf superconductivity to particle acceleration [SI. The HEPL linac did not fuliy attain the accelerating gradients which had been optimistically anticipated early in the project, primarily because of high-field multipact&g. Even so, this pioneering project successfully addressed virtually all of the major problems of the technology, including resonator design, fabrication, and operation, cryostat design and helium refrigeration below 2 K the linac which was built is still in occasional use.
Several years after the star& of the Stanford project, an effort to build a high-current superconducting proton linac began at the laboratory for nuclear research at KarIsruhe 191. This project focused on the development of various slow-wave structures suitable for accelerating protons and heavier ions. Both multi-section helically-loaded cavities and Alverez-type drift tube structures were fabricated from niobium and tested [10, 11] . Although adequate accelerating gradients were achieved, the poor mechanical stability of the helically-loaded structures resulted in rf eigenfrequency fluctuations that made control of the rf phase extremely difficult After a substantial effort, beam was accelerated through hvo 6W2 cavities, but the difficulty of controlling rfphase severely limited accelerating gradients [12, 13] .
In the period 1969-1971, during the earIy enthusiasm for the two major projects described above, four different laboratories began to deveIop accelerating structures to be used m small linacs to boost the energy of ion beams from tandem Van 
1WI.
A fundamental difference between dc and rf applications of superconductors results from the fact that for a dc appliwrion, use of a supercondudor in the mixed state is permissible, since any steady-state dc current will be entirely supercunent, flowing around, not through, any normal regiuns. At the surface of an rf cavity, however, the distribution of current is determined not by the surface resistance of the cavity wall, but m o s t entirely by the reactive impedance associated with the time-varying electromagnetic fields.
Consequently, rf currents will not in general bypass a normal region (defect) in a superconducting cavity surface, but rather flow through it, with consequent joule heating propOrtionaI to area of the defect and the nod-state surface resistance. If the temperature rise associated with the joule heating exceeds the few degrees needed to rea& the Superconducting transition temperature, then thermal instability results and a normal region will grow in size, the heating driven by the energy released by coIlapse of the rf field within the resonant cavity. Much of the development of superconducting rf technology has concerned reducing the number and size of defective regions, and increasing the thermal stability of the rfcavity wall.
T6e difficulties encountered in phase-stabilizing helically-loaded resonators which were previously mentioned are a manifestation of a general problem in the operation of superconducting low-velocity accelerating structures [13]. Matching an rfcavity to particle veIocities substantially less than c requires a cavity geometry loaded either with a reduced capacitive gap or an extended inductive structure, either of which reduce mechanical stability. The lower the particle velocity to be matched, the greater the d e p of loading and the less the mechanical stability. Ambient acoustic noise (microphonics) excites mechanical vibrational modes of the rf cavity, causing the rf eigenfrequency to vary. The range of variation depends on the mechanical properties of the superconducting cavity and ambient acoustic conditions, but is generally larger than the intrinsic rf bandwidth, typically 0.1 Hz or less. For use m an accelerar,or, the cavity rf phase must be synchronized with an rf clock. In the presence of mechanically-induced rf eigenfrequency jitter, thii requires either driving the cavity at a frequency different than the resonant frequency, or tuning the rf cavity sufficiently rapidly to follow the mechanical vibrations. Either method require-s a control system to provide or switch a (reactive) rfpower given by P-= u&h where U is the rf energy content of the cavity and 60 is the rf tuning range in angular frequency. If vibrational effects cause Pt,,= to become larger than a few kilowatts, the primary advantage of a superconducting structure, reduced rfpower, is lessened, particularly for applications involving low beam currents.
Poor mechanical stability can cause additional problems. At high fields, radiation pressure distorts the cavity, and causes a static eigenfrequency shift, which is quadratic in the I-€ field level. In the case of helidy-Ioaded structures this shift can amount to several percent in absolute frequency. Such a change in eigenfirequency with rf field amplitude constitutes a strong coupIing of the phase and amplitude and greatly complicates the task of phase and amplitude controL Such phase-amplitude coupling can give rise to rfdriven mechanical oscillations, a manifestation of the socalled ponderomotive instabiity.
There are several factors which make a booster linac application particularly favorable for the use of rf superconductivity :
1. Because of generally low beam currents in this application, the rfpower reduction achieved by using superconducting cavities is particularly Iarge. Low-velocity structures generally exhibit low shunt impedance, so that great advantage is gained by using SC structures. Also, to achieve the broad velocity acceptance required in a booster linac, short rf cavities must be used, in which end-effects reduce the shunt impedance even M e r .
.
A booster linac is necessarily formed as an array of independenuy-phased modules. These modules can be tuned not only to accommodate different beams but also to accommodate variations in the performance of individual resonant cavities. This feature greatly enhances the reliability of the array as a whole and, historidy, reduced the perceived risk in using a new technology for a linac.
3. The superconducting slrrfaceresistance decrasesrapidly with m i g firequency. Since low frequencies are required for booster linacs, the superconducting surface resistance is very low m this application. This factor both pennits operation of superconducting cavities at 4.5 K and above, and also enables the use of superconducting materials other than niobium, such as lead electroplated onto copper. Since the n o dstate surface resistance is also reduced at low fkquencies, thermal stability is enhanced PI.
. Heavy-ion booster linac projects
The heavy-ion booster development at Karlsruhe was an adjunct to the superconducting proton linac project, W2 helically loaded structures were developed f a possible use in a booster Iinac for the MP tandem at Heidelberg. Although high rf fields were achieved, mechanical stability of the cavities was poor.
A fast-tuning system originally developed for the longer and moze difficult to control 6 jy;! helix structures was used with the shorter U2 structures. Even so phase control still proved difficult, and the accelerating gradients achieved were not large. As a result, the Heidelberg group decided to use nod-conducting rather than superconducting cavities for their booster linac [18] . Several years later, further development of the helical geometry resulted in helical structures which exhibited somewhat greater mechanical stability.
These were used in the heavy-ion booster linac built at Saclay, which operated from 1988 to 1994 [19] .
Development at the California Institute of Technology began with helidy-loaded cavities made of lead plated onto copper 1151. The relative simplicity of lead-on-copper technology facilitated the development of new structures, and several alternatives to the helix were created. Improved mechanical and electrodynamic properties were demonstrated in fmt the spiral-loaded [20] and subsequently the split-ring
[Zl] cavity geometry (see Figure 2) . All four of the initial development projects were completed in the sense of developing viable superconducting ion accelerating structures, which are shown in Figure 1 . All the structures succeeded in accelerating heavy ions in demonstration tests. The two split-ring structures, however, were the only of these s t r u m s actually used to construct booster linacs 
DISCLAIMER
This report was prepared as an account of work sponsored by an agency of the United States Government. Neither the United States Government nor any agency thereof, nor any of their employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any specific commercial product, process, or service by trade name, trademark, manufacturer, or otherwise docs not necessarily constitute or imply its endorsement, recommendation, or favoring by the United States Government or any agency thereof. The views and opinions of authors expressed herein do not necessarily state or reflect those of the United States Government or any agency thereof. 
